The purpose of this study was to clarify the stiffness of the anterior tibial muscle in the stance and swing phases during walking. Electrical stimulation was applied to the common peroneal nerve once every two steps at heel strike, and in the stance and swing phases. Mechanomyograms (MMGs) of the anterior tibial muscle were measured with an acceleration sensor. The measured MMGs were divided into stimulated and non-stimulated MMGs, and each set of MMGs was synchronously averaged. A Kalman lter was constructed by approximating the non-stimulated MMG with an autoregressive model. The stimulated MMG was smoothed with the Kalman lter, and then the walking acceleration was obtained. Evoked MMG was extracted by subtracting the walking acceleration from the stimulated MMG. The transfer function from electrical stimulation to evoked MMG was identi ed using a singular value decomposition method. The natural frequency as an index of muscle stiffness was calculated from the poles of the transfer function. The natural frequency of the evoked MMG during rest was also calculated. The evoked MMGs at heel strike, stance, and swing phases and during rest were approximated well with the sixth-, sixth-, eighth-, and sixth-order models, respectively. The higher order model in the swing phase may re ect the complex vibrations involving the foot and tendons. The natural frequency was highest at heel strike, followed by the stance phase, swing phase, and at rest. Stiffness of the anterior tibial muscle at the stance and swing phases in walking was clari ed by the proposed method.
Introduction
Older individuals often fall over a small step when walking. The medical and nursing care costs for fall injuries amount to approximately 730 billion yen annually [1] . This is a serious problem in Japan, which has a high aging population. The risk factors causing older individuals to fall are balance hypofunction [2] and shuf ing [3] caused by insuf cient dorsi exion of the foot. The anterior tibial muscle is an agonist muscle for dorsi exion. Therefore, the mechanical characteristics of the anterior tibial muscle during walking should be clari ed.
Muscle mechanical characteristics can be investigated using a mechanomyogram (MMG). Orizio et al. [4] reported that the MMG is the vibration caused by muscle contraction and re ects muscle mechanical characteristics. Barry et al. [5] reported that muscle oscillation may provide a means to measure muscle stiffness. Orizio et al. [6] reported that the poles of the transfer function from stimulation to MMG had similar values to those from stimulation to muscle tension using the amplitude modulation technique of stimulus pulses. We proposed a method to estimate muscle stiffness during rest by identifying the evoked MMG as an impulse response [7] . This method has been applied to the analysis of muscle stiffness depending on recruitment [8] , stimulation frequency [9] , and isometric contraction level [10] . These studies investigated muscle stiffness in isometric contraction to suppress a motion artifact. We also proposed a method to estimate stiffness of the anterior tibial muscle at heel strike during walking [11] . However, muscle stiffness at various phases during walking has not been estimated, even though muscle stiffness plays an important role in walking. Kinetic energy during walking is stored as elastic energy in the musculoskeletal system, and as potential energy. Then, the stored energy is released and used for walking.
The purpose of this study was to clarify the natural frequency, as a stiffness index, of the transfer function of the evoked MMG system of the anterior tibial muscle in the stance and swing phases during walking.
Methods

Participants
Six healthy male subjects (A-F) participated in the experiments. The participants were 21-24 years of age, and 1.73 ± 0.06 m in height. Ethics committee approval (No. 27-34; Faculty of Science and Technology, Keio University) was obtained and all participants gave informed consent according to the Declaration of Helsinki.
Measurement
The natural frequency, as a stiffness index, of the evoked MMG of the anterior tibial muscle was estimated by identifying the evoked MMG in walking. The measurement system is shown schematically in Fig. 1 . The acceleration sensor MP110-10-101 (Medi-Sense, Saitama, Japan) was attached to the skin with double-sided adhesive tape, placed at L/3 from the caput bulae and 20 mm lateral from the tibia, where L is the distance from the caput bulae to the lateral malleolus. The participant wore shoes with an acceleration sensor at the toe to measure the vibration of the foot in the swing phase, and a switch NO-1 (Tapeswitch Japan Corporation, Chiba, Japan) at the calcaneal to detect heel strike. The MMG of the anterior tibial muscle and the toe acceleration were ampli ed (2×) and ltered (1-250 Hz) using an MMG ampli er MPS110 (MediSense). The switch was connected to an electrical stimulator SEN-3401 (Nihon Kohden) via the divider circuit. Thus, electrical stimulation was applied once every two steps. The stimulation was a monopolar rectangle pulse 500 μs in width, and was applied to the common peroneal nerve through disposable Ag-AgCl surface electrodes F-150S (Nihon Kohden, Tokyo, Japan). The intensity of stimulation was supramaximal of the evoked MMG when resting.
The participant walked on a treadmill LS8.0T (Johnson Health Tech Japan, Tokyo, Japan) for 5 min at 3 km/h following a walking cycle of 1.5 s with a metronome. The trial was repeated three times. Electrical stimulation was applied once every two steps at heel strike, 0.4 s after heel strike (stance phase) or 1.3 s after heel strike (swing phase). Stimulated MMG and non-stimulated MMG were measured alternately with the acceleration sensor at the anterior tibial muscle. Stimulated toe acceleration and non-stimulated toe acceleration were also measured. The evoked MMG during rest was also measured for 1 min in a supine position. The MMGs and toe acceleration were sampled at 2 kHz with an AD converter cRIO-9215 (National Instruments, Austin, TX, USA). The data were recorded on a personal computer.
Analysis 2.3.1 Extraction of the evoked MMG
The signals measured at the anterior tibial muscle during walking consisted of evoked MMG, voluntary MMG, and walking acceleration. Voluntary MMG and walking acceleration were eliminated to extract the evoked MMG. Voluntary MMG was eliminated by synchronous averaging. Walking acceleration was estimated by ltering the stimulated MMG with a Kalman lter. The Kalman lter was constructed by approximating the non-stimulated MMG with an autoregressive (AR) model. The evoked MMG was extracted by subtracting the walking acceleration from the stimulated MMG. We previously proposed a method to extract the evoked MMG [11] . Here, we describe the outline of the method.
The signals measured at the anterior tibial muscle were divided into stimulated and non-stimulated MMGs. Each set of MMGs was synchronously averaged. The non-stimulated MMG was approximated with an AR model, 
where
is the process noise, and w(k) is the observation noise. The matrices F, G, and H are
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The stimulated MMG was smoothed with the Kalman lter, and then walking acceleration was obtained. The evoked MMG was extracted by subtracting the walking acceleration from the stimulated MMG.
Estimation of the stiffness index
We assumed a linear time-invariant system in which the input and output signals were electrical stimulation and the evoked MMGs, respectively. The system is described as a state equation,
where u(k) is an input, y(k) is an output, and x(k) is a state vector. The coef cient D is equal to g(0) where g(k) is the impulse response of the system. The matrices A, B, and C in Eq. (6) were calculated using the singular value decomposition (SVD) method. The transfer function G(z) was calculated as
The model order is a free parameter in the SVD method. Therefore, the second-to tenth-order transfer functions were calculated. The MMGs were estimated using the transfer functions. The difference between the estimated MMG and the observed MMG was evaluated by the tness P,
where y(k) is the observed MMG, ŷ (k) is the estimated MMG, and 
ȳ is the average of the observed MMG. If ŷ (k) is identical to y(k), then P = 100%. The calculation was carried out using MATLAB R2014a (MathWorks, Natick, MA, USA). The transfer function was factorized to the products of the second-order model. The discrete second-order models were converted to continuous models using the zero-order hold method. The natural frequency of the second-order model was calculated. The natural frequency is proportional to the square root of the stiffness (k) in a mass-spring-damper model described as
where m is mass. Tukey s test was applied to the natural frequencies re ecting the muscle stiffness in the heel strike, stance, and swing phases, and at rest.
Extraction of the toe vibration
Acceleration measured at the toe during walking was induced by both the electrical stimulation and by walking itself. Toe vibration caused by the electrical stimulation in the swing phase was extracted by a method similar to that described in 2.3.1. The toe vibration from 0.0 s to 1.0 s was extracted and lled with zeros up to 16384. The power spectrum of the vibration was calculated using the FFT.
Results
Extraction of the evoked MMG
Walking acceleration was estimated from the stimulated MMG using the Kalman lter constructed by approximating the non-stimulated MMG with an AR model. The order of the AR model was from 10 to 23. Typical examples of the measured signals are shown in Fig. 2(a) . The top, middle, and bottom traces are the signals in the heel strike, stance, and swing phases, respectively. All traces are depicted at t = 0 of heel strike. The broken vertical lines (black and gray) denote the predetermined times for synchronous averaging. Electrical stimulation was applied to the common peroneal nerve at the times indicated by the broken black lines. The signals showed sharp peaks (evoked MMG) following electrical stimula- Fig. 2(a) . The gray and black lines denote the stimulated MMG and walking acceleration, respectively. Electrical stimulation was delivered at time 0.0 s. Sharp peaks (evoked MMG) were observed from 0.0 s to 0.1 s in the stimulated MMGs (gray line), and absent in the walking acceleration (black line). Walking acceleration was synchronous with the stimulated MMGs after 0.1 s.
System identi cation of the evoked MMG
The evoked MMG systems were identi ed using the SVD method. Figure 3 shows the relationship between the order of the transfer function and tness (mean and standard deviation of six participants). The top left panel (a) shows the relationship between the order and tness at heel strike. The tness increased rapidly until the sixth order, and then increased more gradually. We chose the sixth order model for the evoked MMG at heel strike as in the previous report [11] . Panel (b) shows the relationship between the order and tness in the stance phase. The tness increased until the sixth order, then plateaued. The standard deviation was small at the sixth or higher model order. We chose the sixth order model for the evoked MMG in the stance phase. Panel (c) shows the relationship between the order and tness in the swing phase. The tness increased gradually as the model order increased until the eighth order, and then plateaued at the eighth or higher order. We chose the eighth order model for the evoked MMG in the swing phase, although the sixth order model was chosen for the evoked MMGs in the heel strike and stance phases. We speculate that the higher model order in the swing phase was due to the lack of restrictions for the foot on the belt of the treadmill. This discrepancy is discussed below. The evoked MMG of the anterior tibial muscle during rest was approximated with a sixth-order model as in the previous report [7] .
The estimated MMGs were calculated using the transfer functions. Figure 4 shows typical examples of the observed MMG (dotted line) and estimated MMG (solid line) in (a) heel strike, (b) stance, and (c) swing phases. The observed MMGs in the heel strike, stance, and swing phases were approximated well with the sixth-, sixth-, and eighth-order models, respectively.
Stiffness index
The natural frequency, as a stiffness index, was calculated from the poles of the transfer function. Table 1 shows the natural frequencies in ascending order for convenience. Three natural frequencies were obtained from the transfer functions at heel strike, in the stance phase and at rest. Four natural frequencies were obtained from the transfer functions in the swing phase. The natural frequencies f 3 and f 4 ranged from 29 to 89 Hz during the heel strike, stance, and swing phases, and at rest. These frequencies agree with the resonance frequencies of human soft tissue estimated from the mechanical impedance [12] . The lowest natural frequency of the evoked MMG approximated with the sixth-order model when at rest re ects the muscle stiffness [7] . The lowest natural frequency f 1 was the highest at heel strike, followed by the stance phase and at rest. Shinada et al. [10] reported that the muscle natural frequency increased as the contraction level increased. The anterior tibial muscle activity at heel strike was higher than that in the stance phase [13] . The difference between the natural frequencies f 1 at heel strike and in the stance phase was statistically signi cant (p < 0.05, t = 3.68). The 
increased natural frequency at heel strike might be caused by the increase in muscle activity. The anterior tibial muscle activity in the swing phase was lower than that at heel strike [13] . Therefore, we suppose that the natural frequency of 7.16 Hz at the swing phase re ects the muscle stiffness. The natural frequency f 2 of 15.81 Hz in the swing phase will be discussed below. The natural frequency f 1 in the stance phase tended to be higher than that in the swing phase, although the difference was not statistically signi cant (p > 0.05, t = 2.03). The natural frequency f 1 in the swing phase also tended to be higher than that during rest, but the difference was not signi cant (p > 0.05, t = 2.31).
Power spectrum of toe vibration
The power spectrum of toe vibration in the swing phase was calculated using FFT. Figure 5 represents a typical example of the power spectrum of toe vibration in the swing phase. The peak power was distributed around 15 Hz. This frequency agreed with the natural frequency f 2 . The increase in model order may be due to vibration evoked by electrical stimulation.
Discussion
Extraction of the evoked MMG
The measured signals showed an almost identical time course except for the sharp peaks (evoked MMG) after electrical stimulation. The method of extracting evoked MMG in motion was proposed by Uchiyama et al. [14] . The method was applied to the MMG during cycling exercise, and is a simple subtraction of the non-stimulated signal from the stimulated signal. We applied this method to the extraction of evoked MMG during walking. However, the evoked MMG could not be extracted with suf cient SNR for system identi cation. We speculate that the electrical stimulation during walking may have degraded motion reproducibility compared with cycling exercise in which subject s weight is supported by a saddle. Therefore, we estimated walking acceleration by ltering the stimulated MMG with a Kalman lter. Then, the walking acceleration was subtracted from the stimulated MMG to extract the evoked MMG.
Stiffness index
The natural frequency was used as a stiffness index in this study. The frequency f 1 was the highest at heel strike, followed by the stance phase, swing phase, and at rest. There are no studies estimating muscle stiffness during the stance and swing phases. The anterior tibial muscle activity at heel strike was much higher than that in the stance and swing phases [13] , and the natural frequency increases as the contraction level increases [10] . The frequencies f 1 in the stance and swing phases were higher than that at rest, and lower than that at heel strike. The difference in natural frequency f 1 between the swing phase and at rest was not statistically signi cant (p > 0.05, t = 2.31), but the t value was close to signi cance (2.80) at a con dence level of 95%. We suppose that the muscle stiffness at the stance and swing phases is intermediate between that at heel strike and at rest. The natural frequency f 1 at rest (4.13 ± 0.45 Hz) were close to those in previous reports [7, 10] . The proposed method provides a novel technique for estimating muscle stiffness in walking.
Swing phase
The evoked MMG in the swing phase was approximated with an eighth-order model while those in the other phases were approximated with sixth-order models. We speculate that the higher model order in the swing phase was due to lack of restrictions for the foot on the belt of the treadmill. Moreover, the frequency f 2 agreed with the peak frequency of the power spectrum for vibration at the toe in the swing phase.
We attempted to explain the natural frequency f 2 caused by the oscillation of the foot and tendons. First, the natural frequency of the foot was calculated. We roughly estimated the natural frequency by regarding the foot as a rectangular rigid body. The depth (X), width (Y), and height (H) are the foot length, foot breadth, and distance from the lateral malleolus to planta, respectively. The axis of rotation runs parallel to Y and is the farthest position from the center of gravity. This natural frequency can be written as
where g is the gravitational acceleration. X and H were calculated from the participants height [15] . The natural frequency was 1.17 ± 0.02 Hz (mean and standard deviation of six participants), which was too low compared with f 2 . Next, we hypothesized that model order increases because of vibration of the tendon between the foot and anterior tibial muscle. The natural frequency in the anterior tibial tendon was calculated from data in the literature. The stiffness k was 62 N/ mm [16] , and the m was calculated from the cross-sectional area and length [16] and the density in the patellar tendon [17] . The natural frequency in the anterior tibial tendon was 544 Hz, which was too high compared with f 2 .
The above two assumptions did not provide reasonable explanations of the natural frequency f 2 . The natural frequency f 2 was measured only in the swing phase. Complex vibrations involving the foot and tendons might be involved. Further study is necessary to explain the frequency f 2 .
Conclusion
The evoked MMGs in the heel strike, stance, and swing phases and at rest were identi ed using the SVD method. The evoked MMG at heel strike, in the stance phase and at rest were approximated with sixth-order models while that at the swing phase was approximated with an eighth-order model. The lowest natural frequencies re ecting muscle stiffness were calculated from the transfer function, and the natural frequency of the anterior tibial 
muscle was the highest at heel strike, followed by stance and swing phases. Further study is necessary to apply the proposed method to older individuals.
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